Abstract With the obesity epidemic, nonalcoholic fatty liver disease (NAFLD) has become a public health problem with increasing prevalence. The mechanism of disease progression remains obscure and effective therapy is lacking. Therefore, there is a need to understand the pathogenic mechanisms responsible for disease development and progression in order to develop innovative therapies. To accomplish this goal, experimental animal models that recapitulate the human disease are necessary, especially, since causative mechanistic studies of NAFLD are more difficult or unethical to perform in humans. A large number of studies regarding the pathophysiology and treatment of nonalcoholic steatohepatitis (NASH) have been undertaken in mice to model human NAFLD and NASH. This review discusses the known dietary, genetic, and inflammationbased animal models of NASH described in recent years, with a focus on the major advances made in this field.
Introduction
Nonalcoholic fatty liver disease (NAFLD) has emerged as a growing public health problem linked to the increased incidence of obesity. It is currently the most common cause of chronic liver disease [1] . NAFLD is defined by excess fat accumulation in the liver of a patient without a history of excessive alcohol intake. NAFLD is classified into simple steatosis and nonalcoholic steatohepatitis (NASH). NASH is characterized by lobular inflammation and hepatocellular ballooning, and often associated with fibrosis [2] . In the context of the metabolic syndrome and obesity, insulin resistance plays an important role in the pathogenesis of NAFLD [3] . There is increasing body of evidence, suggesting that the relationship between NAFLD and insulin resistance is bidirectional: Liver fat content is significantly increased in subjects with insulin resistance due to increased free fatty acid flux from adipose tissue and uptake by the liver, impaired fatty acid beta oxidation, and increased de novo hepatic lipogenesis. Hepatic triglyceride accumulation in turn contributes to impaired glucose metabolism and insulin sensitivity in muscle and in the liver [4] . NAFLD is now recognized as a predictor of future risk of type 2 diabetes mellitus [5, 6] . Long-term follow-up studies in NASH suggest that the disease is usually slowly progressive, but can ultimately lead to cirrhosis in a subset of patients with its sequelae of portal hypertension, end-stage liver disease and hepatocellular carcinoma, and an increase in overall mortality [7] [8] [9] . The molecular and cellular mechanisms involved in the pathogenesis of NASH have not been completely elucidated, and NASH is still lacking regulatory agency-approved pharmacotherapy. With the inherent limitations in acquiring human tissue, and conducting experimental drug studies in human, NASH animal models are necessary to test the different pathogenic mechanisms and therapeutic targets. Here we discuss the known dietary murine model of NASH, with an emphasis on the different dietary components and their impact on the histological readout and the metabolic profile of the disease. We also highlight the commonly used genetic mouse models of NASH and their importance in studying the lipid metabolism. We finally discuss the importance of the sterile inflammatory response associated with NASH and the different inflammatory models that have been recently reported.
Histopathology of NAFLD
Hepatocytes steatosis is the histological hallmark of NAFLD, and it is often predominant in zone 3 of the acinus. Steatosis is further classified into macrovesicular steatosis characterized by large vacuoles occupying most of the cytoplasm and pushing the nucleus to the periphery of the cell (Fig. 1a) , and microvesicular steatosis characterized by multiple small lipid vacuoles, with a central nucleus. In NASH, steatosis is associated with lobular inflammation with mixed type of inflammatory cells, which includes polymorphonuclear leukocytes, macrophages, and invariant Natural Killer T cells. Other common features are hepatocellular ballooning, which represents a degenerative, swollen hepatocyte devoid of cytokeratin 18 [10] . Poorly formed Mallory's hyaline (an eosinophilic and amorphous structure in the cytoplasm of hepatocytes-) (Fig. 1b) and glycogenated nuclei are often described histological features in patients with NASH [11] . Perisinusoidal fibrosis (Fig. 1c ) mainly in zone 3 of the acinus is an important feature of NASH. Periportal fibrosis and portal fibrosis are mild in NASH in contrast to other forms of liver disease. As the disease progresses, bridging fibrosis from the portal tract to the central vein occurs (Fig. 1d) and liver cirrhosis may develop; steatosis and active inflammation may actually resolve, resulting in what is known as burn-out NASH, and present as cryptogenic cirrhosis. To be noted, in pediatric NAFLD, steatosis is not predominant in zone 3, lobular inflammation is milder, and portal inflammation is more prominent when compared to adult NAFLD [12, 13] . The grading and staging system of NASH was initially developed by Brunt et al. [11] . The Pathology Committee of the NASH Clinical Research Network designed and validated a histological feature scoring system referred to NAFLD activity score (NAS) for use in clinical trials [14] . These systems are currently used in human studies. The NAS has not been validated in animal models.
Pathogenesis of NAFLD
The development and progression of NAFLD to NASH remain unclear [15] . A substantial body of evidence suggests that NASH pathogenesis encompasses multiple interrelated processes, including hepatotoxicity and apoptosis mediated by free fatty acids [16] , cytokine-mediated liver inflammation and injury [17] , and insulin resistance and adipose tissue dysfunction [18] which collectively lead to hepatic steatosis, inflammation, and ultimately fibrosis. It is to be noted that various histological features of NAFLD are not only consequences of overnutrition, obesity, or insulin resistance, but are based on the balance between biological mechanisms for host hepatic susceptibility and the physiological consequences of overnutrition. Human studies of the pathophysiology of NAFLD have been limited, partially, by difficulties in distinguishing primary cause(s) from secondary effects and epiphenomena related to obesity and liver disease [19] .
An Ideal NASH Animal Model
The ideal NASH animal model encompasses all the defining features of the human condition, including obesity, insulin resistance, steatohepatitis, and fibrosis. Such a model replicates the pathophysiology of the human disease, as confirmed by the histological readout. The model if based on genetic loci should be based on aberrations found in humans, such as PNPLA3 polymorphism [20] . Ideally, the transcriptome profile of the animal model should replicate identical changes in humans. Likely, human NASH is heterogeneous in pathogenesis, and no single animal model recapitulates all subsets of human NASH. To date, a perfect mouse model of NASH has not been developed. The availability of an ''accurate'' mouse model of NASH would facilitate studying the pathophysiology of NAFLD and NASH and screening for potential therapeutic targets.
Dietary Animal Models of NASH
Over the last decade we have seen an increasing number of animal models of NAFLD, with various degrees of fidelity to the metabolic profile and the histological patterns seen in human NASH [21] [22] [23] [24] [25] [26] [27] . More recent overnutrition-based models have demonstrated substantial metabolic similarity to humans with NAFLD and NASH with reproducibility of the histological features of NASH, more importantly progressive hepatic fibrosis [19, 28] and hepatocellular ballooning [19, 29] , in a context of high fidelity to the physiological profile seen in humans with fibrosing NASH. The severity of diet-induced NASH may depend on the species (rats appear to be more sensitive than mice [30] ), gender (males appear to be more sensitive than females as estrogen is protective against NASH, and estrogen replacement in estrogen-deficient mice improves steatosis [31] ), and strain of the animal (C57BL/6J mice appear to be more susceptible to NASH [32] ).
Methionine-and Choline-Deficient (MCD) Diet
The MCD is a widely employed diet in NASH animal studies. MCD diet is high in sucrose and fat (40 % sucrose, 10 % fat), and is deficient in methionine and choline, which are essential for hepatic b oxidation and the production of very low-density lipoprotein (VLDL) [25] . In addition, choline deficiency impairs hepatic VLDL secretion [33] , resulting in increased fat accumulation in the liver and decreased VLDL synthesis. On the other hand, oxidative stress [34] and changes in cytokines and adipokines occur in this model, culminating to liver injury [35] . Although this model replicates the histological features of steatohepatitis and fibrosis observed in human NASH, its metabolic context is distinct from human NASH, since animal fed the MCD diet lose weight (up to 40 % in 10 weeks), have low fasting blood sugar, peripheral insulin sensitivity, low serum insulin and leptin levels, and unchanged or increased serum adiponectin levels [23, 35] , and decreased blood triglyceride and cholesterol, creating a metabolic profile opposite to the human disease. Therefore, genetically obese mice, such as ob/ob and db/db mice, are occasionally used as the MCDfed animal [36] . The main advantages of the MCD diet are that it is widely available and replicates NASH histological phenotype within a relatively shorter feeding time than other dietary models of NASH. Serum alanine aminotransferase (ALT) levels are increased, and histological evidence of steatohepatitis is seen by day 10 [37] , while perisinusoidal fibrosis develops by 8-10 weeks in mice on the MCD diet [38] . The MCD model causes more severe inflammation, oxidative stress, apoptosis, and fibrosis than other animal nutritional models of NASH [39] . Therefore, the MCD diet is far from optimal to examine the metabolic parameters of NAFLD, and its use should be discouraged.
CDAA diet has the same overall composition as the choline-deficient (CD) diet, but proteins are replaced with an equivalent and corresponding mixture of L-amino acids [40] . Like the MCD diet, it inhibits fatty acid oxidation in hepatocytes and increases lipid synthesis, oxidative stress, and inflammation, resulting in liver fibrosis [41] , but requires a longer-time frame than MCD diet for these histological changes to develop [40] . Mice on the CDAA diet do not display hepatic insulin resistance [39] , nor do they gain weight or have changes in peripheral insulin sensitivity. Hence like the MCD diet the metabolic profile displayed is opposite of the human disease [39] , and this diet should not be used to examine the metabolic profile of the disease.
High-Fat Diet (HFD)
The first described high-fat diet was in the form of a liquid diet (71 % of energy from fat, 11 % from carbohydrates, 18 % from protein). Panlobular steatosis developed after 3 weeks in male Sprague-Dawley rats on the diet. Rats developed insulin resistance, increased hepatic molecular markers of inflammation, oxidative stress, and indices of fibrogenesis [30] . C57BL/6 mice fed via an implanted gastrostomy tube a HFD (up to 85 % in excess of the standard intake) for 9 weeks developed obesity, insulin resistance, and the histopathological features of human NASH, with inflammatory infiltrate and perisinusoidal fibrosis, but no ballooning [21] . Ad lib HFD with 60 % energy from fat (lard), 20 % from carbohydrate, and 20 % from protein caused steatohepatitis in male C57BL/6J mice; after 10-week exposure to the high-fat diet, obesity and hyperinsulinemia developed. Furthermore, glucose intolerance was observed after 12 weeks. Despite the presence of hepatic steatosis, hepatic inflammation was not induced until 19 weeks on the HFD [22] . HFD seems to have a more pronounced effect in rats when compared to mice as a shorter duration up to 6 weeks was required and the pathology better resembles that seen in human NASH [42] . Thus, in rodents, high-fat diets can replicate the altered metabolic parameters observed in human fatty liver disease, but the hepatic pathological outcome is not as severe.
Cholesterol and Cholate
High-cholesterol diet (21 % milk butter, 0.2 % cholesterol) is an important risk factor for the progression of hepatic inflammation in high-fat diet-induced NASH [43] . C57BL/ 6J mice fed the atherogenic diet consisting of cholesterol (1.25 %), 7.5 % cocoa butter, and cholate (0.5 %) over 3 weeks display expansion of acute inflammation genes by the cholesterol component in the diet, and fibrogenesis genes by the cholate component [44] . The atherogenic diet consisting of 1.25 % cholesterol and 0.5 % cholate induces progressive steatosis, inflammation, and fibrosis over 6-24 weeks. Hepatocellular ballooning was observed at 24 weeks. The addition of 60 % fat (cocoa butter) accelerated the development of histopathological changes of NASH, and hepatocellular ballooning was observed at 12 weeks. The atherogenic diet induces oxidative stress, dyslipidemia, lipid peroxidation, and stellate cell activation in the liver. Mice fed the atherogenic diet are remarkably sensitive to insulin compared to control. This ameliorating effect on the glucose tolerance and insulin sensitivity was attributed to decreased adipose tissue. On the other hand, mice on the atherogenic diet develop hepatic insulin resistance, as assessed by the pyruvate challenge test [45] . Recently, Sprague-Dawley rats were found to be more sensitive to a high-fat and high-cholesterol diet. These rats developed hepatic features of NASH and progressed to cirrhosis within 9 weeks [46] . Therefore, the atherogenic diet replicates the human disease pathology, but the metabolic changes differ from human NASH; adding a high-fat component accelerates the development of the histological changes of NASH.
Fructose
High fructose consumption from corn syrup is a typical feature of the diet in humans with NASH [47, 48] . The addition of the high fructose content to a diet high in saturated fat and cholesterol has been found to reproduce all the features of NASH, including ballooning in large animals [49] . When C57BL/6 mice were housed to promote the sedentary status and fed a high-fat [45 % calories from fat, with 30 % of the fat in the form of partially hydrogenated vegetable oil (28 % saturated, 57 % monounsaturated, 13 % polyunsaturated fatty acids)], high-fructose (55 % fructose, 45 % glucose in drinking water) diet for 16 weeks, obesity with insulin resistance, severe hepatic steatosis with associated necroinflammatory changes developed. Although mice displayed molecular markers of fibrogenesis, overt fibrosis was not striking on histology [26] . Given the importance of fibrosis as an indicator of severity and disease progression in NASH, Kohli et al. used a high-fat high-carbohydrate diet (58 % of calories from fat) and drinking water with high fructose (55 % fructose); C57BL/6 mice fed the diet over a 16-week period developed a phenotype of obesity, insulin resistance, and fibrosing NASH. To be noted, when compared to mice fed the high-fat diet only, the high-fat high-carbohydrate dietfed mice had increased hepatic oxidative stress, macrophage infiltration, and fibrosis [28] . A similar paradigm to obtain hepatocellular injury, inflammation, and fibrosis in NASH using fructose was subsequently reported in a rat model as well [50] . We developed a model of fibrosing NASH by reproducing the physiological milieu seen in humans with NASH, i.e., physical inactivity and chronic overnutrition with a high caloric intake rich in saturated fats and fructose. Because fibrosis in patients with NASH typically develops over prolonged periods of time, we continued overnutrition for 6 months, which is a longer interval than dietary overnutrition in previous studies of rodent models of NASH. Our diet consisted of 40 % energy as fat (12 % saturated fatty acid, 0.2 % cholesterol) and a high-fructose corn syrup (42 g/l final concentration) in drinking water. This diet is also known as high fat, fructose and cholesterol (FFC) diet. FFC diet was compared to the high-fat (HF) diet (60 % energy as fat (1 % saturated fatty acid)); both diets recapitulated the features of the metabolic syndrome with obesity, insulin resistance, and steatosis. However, HF diet was associated with minimal inflammation and no increase in fibrosis. The FFC diet demonstrated steatohepatitis with pronounced hepatocellular ballooning and progressive fibrosis (stage 2) (Fig. 2) , with a high fidelity to the human NASH histological features, and increased expression of genes involved with fibrosis, inflammation, endoplasmic reticulum stress, and lipoapoptosis [19] . The FFC diet highlights the contribution of the fructose and cholesterol dietary composition in addition to the high fat to the development of NAFLD and NASH [19] . Recently the same histological and metabolic features were reproduced in C57BL/6J mice over a 20-week feeding period of a high-fat, high-fructose diet consisting of 44.6 % of kcal derived from fat (of which 61 % saturated fatty acids) and 40.6 % of kcal derived from carbohydrates (primarily sucrose 340 g/kg diet). This diet was termed high-fat high-sugar diet (HF-HSD) [29] . Adipose tissue dysregulation is a key component of NASH, and the inflammation in the two tissues is interrelated [51] . Thus, the FFC diet mimics human NASH in this perspective [52] . Therefore, the addition of the fructose to the nutrient excess diet promotes the development of fibrosis, hepatocellular ballooning, and adipose tissue inflammation in the mouse models of NASH.
Genetic Animal Models of NASH
A great variety of genetically modified mice have been developed to better understand NASH. To date, most of these models have in common that the genetic alterations result in a significant hepatic lipid accumulation, with absent marked inflammation and fibrosis. An additional stimulus, such as a modified diet, is often required to induce histopathological features of NASH. NASH induced by a genetic manipulation has a distinct etiology from human NASH associated with metabolic syndrome, which represents the major limitation of these models. Nevertheless, NAFLD/NASH genetic models have provided us with many important insights into the mechanisms by which lipid metabolism promotes fatty liver disease.
Leptin Deficiency (The ob/ob Mice)
Ob/ob mice lack functional leptin due to a spontaneous point mutation in the leptin gene. Leptin, which is secreted as a peptide hormone predominantly by white adipose tissue, negatively regulates food intake and increases energy expenditure. Ob/ob mice are hyperphagic, inactive, and develop severe obesity, hyperlipidemia, hyperglycemia, hyperinsulinemia, and insulin resistance [53] . Although hyperphagia contributes to the obesity, ob/ob mice gain excess weight even when restricted to a diet sufficient for normal weight maintenance in lean mice. In ob/ob mice, fat is redistributed from adipose tissue to the liver and other non-adipose tissues. Fat accumulation in the liver induces hepatocyte lipotoxicity and lipoapoptosis. However, ob/ob mice rarely develop severe liver damage or spontaneous steatohepatitis, which may be due to the alterations in inflammatory responses. For induction of ''true'' NASH, an additional stimulus is required. This additional impetus may involve administration of small doses of lipopolysaccharide endotoxin, ischemia-reperfusion injury, high-fat diet, or MCD diet feeding [54, 55] . Interestingly, ob/ob mice are protected against MCD dietinduced fibrosis despite developing similar necroinflammatory lesions as their genetic controls [56] . The fibrosis in these mice can be induced by supplying exogenous leptin [56] . Leptin mutations have been reported in humans, yet serum leptin levels in NASH population are normal or elevated, which represents a shortcoming of this model [57] [58] [59] .
Leptin Receptor Deficiency (The db/db Mice)
Db/db mice carry a spontaneous mutation in the leptin receptor gene. Although these mice have normal or elevated levels of leptin, the receptor mutation confers resistance to the effects of leptin. As predicted, the phenotype of db/db mice is similar to one of the ob/ob mice, which are deficient in leptin. The db/db mice are hyperphagic and develop obesity, hyperglycemia, hyperinsulinemia, insulin resistance, and hepatic steatosis [60] . They also progress to NASH only when an additional stimulus is added, for example, on the MCD diet. In contrast to ob/ob mice, db/db mice on MCD diet develop significant fibrosis [61] .
Sterol Regulatory Element-Binding Protein 1 (SREBP-1) c Transgenic Mice
SREBP-1c is one of the two transcript variants encoded by SREBP-1. SREBP-1c is an insulin-regulated transcription factor regulating genes required for glucose metabolism and fatty acid and lipid production. SREBP1c transgenic mice that overexpress SREBP-1c selectively in their fatty tissue have impaired adipose differentiation and develop severe insulin resistance and marked hepatic steatosis [62] . Besides steatosis, they also spontaneously develop lobular inflammation, perivenular and pericellular fibrosis, and ballooned hepatocytes [63] . Although the liver histology recapitulates many features of human NASH, this model has decreased adipose tissue mass, which is in sharp contrast to the human condition. These mice represent a suitable model of congenital lipodystrophy and lipodystrophy-associated steatohepatitis model.
KK-Ay/a Mice
KK-Ay/a mice possess a heterozygous mutation in the agouti gene. These mice are hyperphagic as a result of impaired hypothalamic food intake suppression [64] . They develop obesity and associated hyperglycemia, hyperinsulinemia, insulin resistance, and liver steatosis [65] . Liver steatosis in these mice does not spontaneously advance to steatohepatitis, which, however, can be induced by additional stimulus, such as the MCD diet [65] . Phosphatase and Tensin Homolog (PTEN) Null Mice PTEN has been extensively studied as a tumor suppressor gene, which negatively regulates several signaling cascades including phosphatidylinositol 3-kinase/Akt pathway. Albumin-cre driven liver-specific PTEN deletion results in substantial hepatomegaly accompanied by liver steatosis due to increased fatty acid synthesis [66] . Strikingly, PTEN liver-specific deletion causes liver insulin hypersensitivity with decreased fasting glucose levels and improved systemic glucose tolerance. In most of these animals, liver steatosis progresses to steatohepatitis with ballooned hepatocytes, Mallory's hyaline, lobular inflammation, and mild pericellular fibrosis. These mice eventually develop benign liver adenomas or hepatocellular carcinomas [67] . Although this model spontaneously develops steatohepatitis with histologic features of human NASH, insulin hypersensitivity and decreased body fat mass are not characteristic of the human correlate.
Peroxisome Proliferator-Activated Receptor a (PPARa) Null Mice
The nuclear receptor PPARa regulates transcription of genes involved in mitochondrial and peroxisomal fatty acid oxidation. Young PPARa knockout mice do not accumulate excess fat in the liver under normal feeding conditions; however, when subjected to fasting (24 h) or high-fat diet, they develop severe steatosis [68, 69] . PPARa deficiency prevents upregulation of fatty acid oxidation in response to the increased influx of fatty acids from the adipose tissues to the liver induced either by food deprivation or by highfat diet feeding. In fasted PPARa null mice, hepatic uptake of fatty acids appears to be decreased and VLDL secretion normal, supporting the role of decreased fatty acid oxidation in fat accumulation in the liver of these mice [68] . As PPARa null mice age, they spontaneously develop a sexually dimorphic pattern of obesity (more pronounced in female mice) and liver steatosis, which, however, does not progress to NASH [70, 71] .
Acyl-coenzyme A Oxidase (AOX) Null Mice
AOX catalyzes the first and rate-limiting step in peroxisomal b-oxidation of fatty acids. The liver of AOX knockout mice thus displays decreased peroxisomal b-oxidation of fatty acids, which start to accumulate within the hepatocytes leading to microvesicular steatosis, later progressing to transient steatohepatitis without marked fibrosis [72, 73] . By 6-8 months of age, a compensatory increase in fatty acid oxidation occurs and hepatic steatosis is then completely reversed by hepatocyte regeneration, which displays spontaneous peroxisome proliferation and high expression of PPARa target genes [72] . Later in age, AOX null mice develop hepatocellular adenomas and carcinoma due to sustained activation of PPARa [73] .
Methionine Adenosyl Transferase (MAT1A) Null Mice
MAT1A is a liver-specific enzyme catalyzing conversion of methionine to S-adenosylmethionine, a major biological methyl donor. MAT1A knockout mice have a decreased hepatic content of S-adenosylmethionine and glutathione, and increased expressions of genes involved in lipid peroxidation [74] . By 8 months of age, these mice spontaneously develop features of NASH represented by macrovesicular steatosis and inflammatory cell infiltration mainly in periportal areas, however, without features of the metabolic syndrome [75] . Choline-deficient diet promotes severe macrovesicular steatosis in young MAT1A null mice (3 months). MAT1A deletion also causes an increased hepatocyte proliferation and the majority of MAT1A knockout mice eventually advance to hepatocellular carcinoma [74] .
Inflammatory Animal Models of NASH
Activation of a sterile innate immune system-mediated inflammatory response is a key feature of NASH [76, 77] . Obesity, insulin resistance, and hepatic steatosis are inherent to the definition of NASH; therefore, examination or development of pure inflammatory models of NASH would be somewhat deficient in key components of the disease; however, an alternative approach, which examines the contribution of known inflammatory mediators in dietary disease models of NASH, has considerably advanced the understanding of the role of various inflammatory chemokines, cytokines, transcription factors, and immune cell types in NASH.
Macrophages
Macrophages are primary mediators of the sterile inflammatory response in NASH. Proinflammatory macrophages are recruited to the liver in NASH from hematopoietic stem cell-derived myeloid lineage cells rather than yolk sacderived resident hepatic macrophages, historically named Kupffer cells [78] [79] [80] . Indeed, Kupffer cells may also be proinflammatory in the obese state by secreting monocyte chemotactic protein 1 (MCP-1), a chemokine critical to recruiting myeloid cells to the liver via its receptor, chemokine (C-C motif) receptor 2 (CCR-2), which was highly expressed in recruited hepatic macrophages [78] . Further, several independent animal studies have demonstrated the importance of the CCR-2 and MCP-1 signaling in NASH pathogenesis [78, 81] . Mice deficient in CCR-2 (Ccr2 -/-) are protected from the development of hepatic steatosis, inflammation, macrophage infiltration, and fibrosis compared to wild-type mice [81] . Indeed, mice deleted in upstream receptors which utilize activation of MCP-1 expression as a final common pathway, such as Toll-like receptor (TLR) 4, TLR 9, or myeloid cell differentiation (MyD) 88 knockout mice, all demonstrate reduced hepatic macrophage accumulation due to deficient MCP-1 and CCR-2 signaling.
Toll-Like Receptor Signaling
Several Toll-like receptors have been implicated in NASH. Using the apolipoprotein E knockout mouse model of NASH, the whole-body deletion of TLR4 protects against the development of liver injury and inflammation [82] . Mice deficient in TLR4 or its co-receptor myeloid differentiation protein 2 (MD-2) are protected from MCD diet-induced NASH [83] . TLR9 deletion, interleukin 1 receptor deletion, or MyD88 deletion were all protective against the CDAA diet-induced steatohepatitis. However, in an alternative approach utilizing highfat diet feeding, MyD88
-/-mice showed exacerbation of liver injury and insulin resistance in spite of equal body weight gain [84] . Thus, these studies suggest that there is model-specific activation of individual Toll-like receptors and results from these studies may not be generalizable. Furthermore, the cellular compartment wherein the activation of TLRs is important varies. The tissue-specific deletion approach has recently been utilized to demonstrate that hepatocyte TLR4 and not myeloid cell TLR4 mediates hepatic steatosis. Mice lacking TLR4 in hepatocytes were protected from a nutrient excess diet-induced insulin resistance and fatty liver, though not the development of obesity [85] . Furthermore, myeloid cell TLR4 deletion had no protective effect. Interestingly, markers of liver injury and inflammation were not reported in this study. 
C-jun N-Terminal Kinases (JNK)
Activation of JNK 1 and 2 occurs in both liver and adipose tissue in the obese, insulin-resistant state. In the liver, these kinases are activated both in parenchymal cells and in nonparenchymal cells. The contribution of these kinases in myeloid cells has been examined utilizing chimeric mice generated by bone marrow transplantation or using tissuespecific promoters to delete JNK expression in myeloid cells [86, 87] . Mice deleted in both JNK 1 and 2 in myeloid cells, when challenged with a high-fat diet for 4 weeks, developed similar increases in body mass, however, had a significant reduction in liver inflammation, macrophage accumulation, and hepatic steatosis, and improved insulin sensitivity [87] . It is not known whether longer feeding studies with this strain of mice would demonstrate a sustained reduction in liver injury and fibrosis, though the prediction is that a reduction in pro-inflammatory myeloid cells infiltration would be beneficial over the long term. Mixed lineage kinase (MLK) 3 is an upstream kinase, mediating JNK activation. Indeed, consistent with the JNK knockout data, mice deleted in MLK3 are also protected against the development of dietary NASH [88] . In this context, it remains to be seen whether hepatocyte MLK3 or myeloid cell MLK3 signaling is the principal mediator of NASH. This question can be addressed by pursuing tissue-specific deletion models.
Inflammasome
The inflammasome is a cellular signaling platform activated both by microbial insults and by sterile inflammatory stimuli such as uric acid [89] . It is composed of several sensor and signaling proteins, which combine to form active caspase 1 from procaspase 1. Caspase 1 is necessary for the secretion of interleukin (IL)-1 beta (IL-1b) and IL-18. NOD-like receptor (NLR) proteins, namely NLRP3 (NOD-, LRR-, and pyrin domain-containing 3), have been implicated in fatty liver. Mice deficient in NLRP3 are protected from the development of diet-induced hepatic steatosis [90] . In contrast, in another study deficient NLRP3 signaling worsened fatty liver due to changes in intestinal microbiota, which led to increased hepatic activation of TLR4 and TLR9 from microbial products [91] . Using an inducible overexpression model for hepatic NLRP3, it was demonstrated that activation of this protein markedly exacerbated diet-induced steatohepatitis induced by a CDAA diet [92] . Thus, with respect to NLRP3, intestinal versus hepatic activation has divergent outcomes in NASH pathogenesis. Though the presence and progression of fibrosis are increasingly recognized as clinically relevant histologic features in NASH, fibrosis does not occur in the absence of inflammation. The progression to fibrosis in cases with known inflammation is not universal either. Furthermore, what separates fibrogenic inflammation from non-fibrogenic inflammation is unknown and remains a question for future studies.
Conclusion
This review has explored the different characteristics and limitations of the current dietary and genetic murine models used to study human NAFLD (Table 1) . We have also presented some of the pathways involved in the development of the sterile inflammatory response associated with NASH and underscored adipose tissue dysregulation as a key feature of human NASH [51] . Future animal studies should also interrogate adipose tissue inflammation in addition to liver steatosis, inflammation, and fibrosis. Without the assessment of both adipose tissue and liver in future models, their utility for mimicking the human disease will be imperfect. The optimal model in our opinion will be a diet-induced obesity model with both liver and adipose tissue dysfunction, such as the FFC diet.
Key Findings/Future Unmet Needs/Implications
• NASH is currently the most common liver disease and will become the most common indication for liver transplantation in the near future.
• The majority of current NASH mouse models do not fully recapitulate the human condition.
• The most ''accurate'' nutritional dietary model incorporates all dietary component of the western diet, including fat, fructose, and cholesterol. Such a diet needs to be maintained over a prolonged feeding period of 20 weeks or more to reproduce the histopathological features NASH.
• NASH induced by genetic manipulations has a distinct etiology from human NASH associated with the metabolic syndrome, which contributes to the major limitation of these models.
• Although activation of a sterile innate immune systemmediated inflammatory response is a key feature of nonalcoholic steatohepatitis, examination of a pure inflammatory model of NASH would be deficient in the metabolic key components of the disease.
